Dissipating excess energy of light is critical for photosynthetic organisms to keep the photosynthetic apparatus functional and less harmful under stressful environmental conditions. In the green alga Chlamydomonas reinhardtii, efficient energy dissipation is achieved by a process called non-photochemical quenching (NPQ), in which a distinct member of light harvesting complex, LHCSR, is known to play a key role. Although it has been known that two very closely related genes (LHCSR3.1 and LHCSR3.2) encoding LHCSR3 protein and another paralogous gene LHCSR1 are present in the C. reinhardtii genome, it is unclear how these isoforms are differentiated in terms of transcriptional regulation and functionalization. Here, we show that transcripts of both of the isoforms, LHCSR3.1 and LHCSR3.2, are accumulated under high light stress. Reexamination of the genomic sequence and gene models along with survey of sequence motifs suggested that these two isoforms shared an almost identical but still distinct promoter sequence and a completely identical polypeptide sequence, with more divergent 3 0 -untranscribed regions. Transcriptional induction under high light condition of both isoforms was suppressed by treatment with a photosystem II inhibitor, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), and a calmodulin inhibitor W7. Despite a similar response to high light, the inhibitory effects of DCMU and W7 to the LHCSR1 transcript accumulation were limited compared to LHCSR3 genes. These results suggest that the transcription of LHCSR paralogs in C. reinhardtii are regulated by light signal and differentially modulated via photosynthetic electron transfer and calmodulin-mediated calcium signaling pathway(s).
Introduction
Most of the earth's life forms rely on sunlight to survive by consuming carbohydrate produced by photosynthetic organisms. Since excess light can cause damage on photosystem and other cellular components, it is critical for photosynthesizers to regulate expression levels of genes encoding components of their photosynthetic apparatuses and adjust the photosynthetic activities (Horton et al. 1996) .
Green plants (land plants and green algae) take various strategies depending on lineages to dissipate excess light energy, and light harvesting complex (LHC) gene family members are known to play crucial roles in it (Minagawa 2013) . Studies on the model land plant Arabidopsis thaliana suggested that a member of LHC gene family termed PsbS is a sensor of lumen pH in chloroplast and responsible for releasing excess light energy and preventing high light stress via a process called non-photochemical quenching (NPQ) in land plants (Li et al., 2000; .
In green algae as represented by the model alga Chlamydomonas reinhardtii, it is proposed that another stress-related LHC member called LHCSR plays a major role in excess light energy dissipation, despite the presence of a gene encoding PsbS homolog in the genome (Peers et al. 2009, Niyogi and Truong 2013) . One of the LHCSR proteins in C. reinhardtii, LHCSR3, was identified as a key factor in light energy dissipation (Peers et al., 2009 ) via formation of a protein super-complex composed of photosystem II (PSII), LHCII and protonated LHCSR3 (Tokutsu and Minagawa 2013) .
Comparison between land plants and green algae unraveled that distinct molecular machineries for NPQ have evolved even within green plants. Studies on mosses and early diverging streptophyte algae reported that both PsbS and LHCSR contributed to high light stress response in the club moss Physcomitrella patens (Alboresi et al. 2010) and suggested that distinct photo-acclimation mechanisms dependent on those proteins coexisted prior to the land colonization of plants (Gerotto and Morosinotto 2013) . This also suggests that studying the LHC-dependent light energy dissipation in algal species may provide insight into an evolutionary turning point of high light stress acclimation in the green plant lineage.
Diatoms are classified in stramenopile algae harboring secondary plastid with red algal origin, and are known as a major marine photosynthetic phytoplankton. They possess a gene family called LHCX, which is closely related to LHCSR in green algae and was shown to function in stress-related regulation of NPQ in the model species Phaeodactylum tricornutum (Bailleul et al. 2010) . In an evolutionary point of view, LHCSR homologs, including LHCX, are widely but patchily distributed in photosynthetic eukaryotes, and the fact that no LHCSR genes have been found in red algae has led to an intriguing hypothesis that LHCSR genes are transmitted between eukaryotes via horizontal gene transfer (Dittami et al. 2010, Niyogi and Truong 2013) .
Presence of multiple, apparently redundant, paralogs of LHCSR genes in many algal species raises further questions on evolutionary paths and intracellular regulation of the light energy quenchers. In C. reinhardtii, there are three LHCSR genes in the nuclear genome: two closely related paralogs, LHCSR3.1 and LHCSR3.2, and slightly distantly related but still paralogous gene LHCSR1. Peers et al. (2009) identified a deletion mutant strain npq4, lacking both LHCSR3.1 and LHCSR3.2 genes, and showed that NPQ capacity was significantly reduced in this mutant and that the LHCSR3.1 genomic fragment could complement the function of LHCSR3 protein. Considering that LHCSR3.1 and LHCSR3.2 sequences are completely identical at the amino acid level and that only LHCSR3.1 transcripts accumulated in high light-induced stress condition (Peers et al. 2009) , it is tempting to assume that the LHCSR3.1 gene plays a major role in light stress response via NPQ. Nevertheless, transcriptional regulation of those genes in stress and nonstress conditions and function of the LHCSR1 gene remain to be clarified.
Here we examined the patterns of transcriptional regulation of the LHCSR3.2 and LHCSR1 genes as well as LHCSR3.1 under multiple physiological conditions, and showed that, contrary to the previous work (Peers et al. 2009 ), transcripts of all these three LHCSR genes responded to high light stress. Our results provide novel insights into the transcription regulation of stress-related LHC gene families in C. reinhardtii.
Results and Discussion
How LHCSR genes have evolved in C. reinhardtii
In the nuclear genome of C. reinhardtii, version 5.3.1 available at the Joint Genome Institute (JGI) genome database (www.phytozome.net), three LHCSR genes are present, all on the chromosome 8: LHCSR3.1 (Locus name: Cre08.g367500), LHCSR3.2 (Cre08.g367400) and LHCSR1 (Cre08.g365900). Among those, LHCSR3.1 and LHCSR3.2 are quite similar to each other and are supposed to be translated into identical amino acid sequences, hence the gene product from both loci resulted in a single kind of polypeptide LHCSR3. Phylogenetic analysis showed that, consistently with previous studies (Mou et al. 2012 , Bailleul et al. 2010 ), LHCSR1 and 3 are paralogous to one another, suggesting that those genes have evolved within the species level, probably via gene duplication in the common ancestor of the extant C. reinhardtii, but after the divergence of volvocalean green algae (Fig. 1) .
A protein structure modeled on Pea Lhcb protein (Kühlbrandt et al., 1994) showed that amino acid residues responsible for chlorophyll binding, which were proposed through in vitro reconstitution experiments of LHCSR3 protein with chlorophyll a and b, and xanthophylls by Bonente et al. (2011) , and membrane spanning regions were well conserved between LHCSR3 and LHCSR1 (Fig. 2) . A number of differentiated amino acid residues were found at the C-terminal tail, which is proposed to confer the pH sensitivity to NPQ (Bailleul et al. 2010) . Whether this region could be involved in functional and/or physiological differentiation between those LHCSR proteins remains to be examined.
Comparison between LHCSR3.1 and LHCSR3.2
Analysis of the genome sequence and gene models showed that the 5 0 and 3 0 untranslated regions (UTRs) and coding regions of LHCSR3.1 and LHCSR3.2 were highly conserved, and have only five synonymous substitutions within the 780 bp coding regions. Thus, in theory, the gene products of these two paralogs are identical and indistinguishable at the amino acid level, which makes it difficult to tell which gene locus and how much contributes to the LHCSR3 protein function.
Interestingly, the putative promoter regions spanning 500 bp upstream of the 5 0 UTR were also highly conserved (96% identical at the nucleotide level), which are even more conserved than the 3 0 UTR regions ( Fig. 3A) , suggesting that, the two promoter regions might share the same role in the transcriptional regulation. The highly conserved promoter region does not extend much further beyond the À500 bp from the transcription start site (Fig. 3A) . Peers et al. (2009) showed that the accumulation of the LHCSR3.1 and LHCSR1 transcripts, but not LHCSR3.2, were induced under high light conditions. We surveyed sequence motifs unique to LHCSR3.1 but not to LHCSR3.2, which might explain the difference in the transcriptional patterns of these two paralogous loci. As a result, we found a sequence that matches the conserved sequence motif termed EEC (5 0 -GANTTNC-3 0 ) present in the 'enhancer elements' of low CO 2 -inducible gene promoters in C. reinhardtii (Kucho et al. 2003 , Yoshioka et al. 2004 (Figs. 3A, B) . This finding is consistent with the previous gene expression analysis showing that LHCSR3.1 (formerly called Li818r-1) is expressed under low CO 2 (0.04%) and repressed under high CO 2 (5%) conditions, but in contrast LHCSR1 (Li818r-3) is only expressed under high CO 2 conditions (Yamano et al. 2008 ). This motif was not found in the sequence upstream of the LHCSR3.2 or LHCSR1 transcription start sites (À1000 to À1 bp). These imply that the conserved and nonconserved sequences in the putative promoter regions of LHCSR genes might be recognized by distinct DNA binding proteins, leading to the differential regulation of the LHCSR genes. Considering that LHCSR3 has been shown to play a key role in dissipating light energy as heat (Peers et al. 2009, Tokutsu and Minagawa 2013) , induction of the LHCSR3.1 transcription under low CO 2 conditions possibly due to the presence of EEC might help high light-stressed algae lower the efficiency of light utilization and prevent excess reducing power in the form of NADPH accumulating in the chloroplasts when the Calvin cycle activity is not commensurate with the light energy input.
Chlorella variabilis
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How the transcription of LHCSR genes is regulated
To examine how the transcription of the LHCSR genes is regulated more in detail, we conducted real-time PCR analysis using multiple conditions, including high light treatment as well as addition of DCMU, an inhibitor of electron transfer in photosystem II, and calmodulin inhibitor W7, both of which were shown to suppress the induction of LHCSR3 protein accumulation (Petroutsos et al. 2011) . Surprisingly, we found that accumulation of not only LHCSR3.1 and LHCSR1 but also LHCSR3.2 transcripts were highly induced when the cells were shifted from low light to high light conditions and incubated for 1 h (Fig. 4) . To our knowledge, this is the first indication that the LHCSR3.2 gene is also light stress inducible. In addition, the pattern of the LHCSR3.2 transcript accumulation under the presence of DCMU, W7 and W5, an analog of W7 which has been shown to be biologically inactive in C. reinhardtii (Petroutsos et al. 2011) , was very similar to the one of the LHCSR3.1 (Fig. 4) . Given the sequence similarity between the promoter regions of these two paralogs, it is likely that LHCSR3.2 undergoes the same transcriptional regulation as LHCSR3.1 under these conditions. This may not seem consistent with the result from the previous study, which showed no significant induction of the LHCSR3.2 transcription (Peers et al. 2009 ). This is perhaps due to the differences between primers used for real-time PCR: the primers used in the previous study were designed to amplify the 3 0 region of the LHCSR3.2 transcript according to the JGI gene models but also overlapped Fig. 2 A schematic representation of the structural features of LHCSR3. Shaded circles in magenta indicate the amino acid residues of LHCSR3 that are different between LHCSR3 and LHCSR1, and the LHCSR1 counterparts are indicated with arrows. The predicted chlorophyll binding sites and charge-compensating arginine residues, based on the crystal structure of the related LHCII (Kühlbrandt et al. 1994) , are shown in cyan hexagons and green squares, respectively.
with the coding sequence of a neighboring gene (Locus name: Cre08.g367350), and thus the amplified products could be mostly due to the neighboring gene, resulting in a relatively low contribution from the LHCSR3.2 locus (Peers et al. 2009) . If this interpretation is correct, our data indicate that the LHCSR3.2 gene is not transcriptionally silent but rather can contribute to the LHCSR3 protein function under the control of signaling pathways regulated by photosystem II electron flow and calcium ions, in the same manner as LHCSR3.1. Real-time PCR analysis also showed that the LHCSR1 transcripts accumulated under high light, but the extent of suppression by the inhibitors DCMU and W7, as well as W5, was insignificant as determined by one-tailed Student's t-test (P > 0.05), in contrast to that of LHCSR3.1 and LHCSR3.2, where DCMU-and W7-treated samples showed significant differences from dimethyl sulfoxide (DMSO) control (P < 0.05) (Fig. 4) . The similar patterns of limited transcription suppression by the two different inhibitors suggest that a cue of the transcription induction from photosynthetic electron flow in the chloroplast might be mediated by calmodulin in the cytosol. This may in turn suggest the presence of alternative regulatory mechanism specific to LHCSR1, independent of photosynthetic electron flow and calmodulin-mediated calcium signaling. Yamano et al. (2008) showed that the transcription of LHCSR1 (Li818r-3) and LHCSR3.1 (Li818r-1) was induced under a low-to-high light transition, but the responses of these genes to the alteration of CO 2 concentration were quite different. As discussed earlier, this is consistent with the presence of the EEC element in the LHCSR3.1 locus, but not in LHCSR1 (Fig. 5) . Examining how LHCSR3.2, which does not contain the EEC element, transcriptionally responses to low CO 2 stress awaits further investigation. Overall, although the molecular machinery of carbon-concentrating mechanism (CCM)-dependent signaling pathway in C. reinhardtii is not fully elucidated, our results suggest the LHCSR genes are regulated in a complex way due to the stress signals of high light as well as low CO 2 (Fig. 5) . Therefore, it was critical to establish appropriate testing conditions, because any changes in physiological conditions, such as media, pharmacological reagents, aeration, or light sources could affect the transcriptional activity of the LHCSR genes. In this study, although the cells were pre-cultured in the presence of acetate, namely in TAP medium, they were acclimated to the minimal medium well in advance to the exposure to high light so that we could exclude the possible effects of carbon source on the LHCSR gene transcription.
Differential transcriptional regulation of LHCSR gene family is also found in other photosynthetic organisms. It has been shown that the pennate diatom Phaeodactylum tricornutum possesses LHCX, a stress-related LHC gene family closely related to the green algal LHCSR, and that a member of the LHCX family, LHCX1, plays a key role in light energy dissipation and its transcript level is more constitutive under different light conditions compared to other members (Bailleul et al. 2010) . LHCX genes in the centric diatom Thalassiosira pseudonana are more divergent phylogenetically (Bailleul et al. 2010) , the accumulation patterns of the transcripts under a low-to-high light transition vary among the LHCX homologs (Zhu and Green 2010) . These studies suggest that differential transcriptional regulation of paralogous LHCSR and related gene families may be important in efficiently and precisely dissipating excess light energy in photosynthetic eukaryotes under stressful conditions.
In this study we compared stress-related LHC genes in C. reinhardtii in detail and showed that very closely related paralogs LHCSR3.1 and LHCSR3.2 had quite homologous promoter sequences and transcription pattern under multiple conditions. We also proposed possible signaling pathways affecting the transcription of these loci, as well as the slightly distantly related homolog LHCSR1, with the locus-dependent modulation of signals. Identifying transcriptional regulators of the NPQ-related genes in C. reinhardtii will shed light on further understanding of signal transduction system integrating information on light energy quality and quantity, carbon source availability and intracellular calcium signaling in this algae as well as green plants as a whole.
Materials and Methods

Strain and Media
The C. reinhardtii wild type strain 137c (CC-125 wild type mt+) were pre-cultured in Tris-acetate-phosphate (TAP) medium (Levine and Gorman 1965) at 23 C with shaking under low light (LL) conditions (20 mmol m À2 s
À1
) and then transferred to high salt minimal (HSM) medium (Sueoka 1960 ) buffered with 1 mM potassium-phosphate, followed by overnight incubation under LL conditions to avoid possible effects of medium change. For 'high light (HL)' treatment, the cells were shifted to HL (350 mmol m À2 s
) and incubated for 1 hour. Five mM DCMU (Sigma-Aldrich, St. Louis, MO, USA), 50 mM W7 (N-(6-Aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride) (Tokyo Chemical Industry, Tokyo, Japan) or 50 mM W5 (N-(6-Aminohexyl)-1-naphthalenesulfonamide hydrochloride) (Tokyo Chemical Industry, Tokyo, Japan) were solubilized in DMSO and added just prior to the HL shift when indicated. Non-HL-treated cells were incubated under LL for 1 hour.
Sequence analysis and molecular phylogeny
The sequences of the C. reinhardtii nuclear genome and gene models were obtained from the JGI (Ver. 4, http://genome.jgipsf.org/Chlre4; Ver. 5, http://www.phytozome.net). Pairwise sequence comparison was done using EMBOSS Needle at EMBL-EBI (http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html). Multiple sequence alignment and phylogenetic analysis was done as described previously (Maruyama et al. 2011) . RAxML (Stamatakis et al. 2008 ) tree was constructed using LG+G model with support values based on 400 bootstrap resamplings. Bootstrap analysis was also done using PhyML (Guindon and Gascuel 2003) for 400 re-samplings.
Quantitative real-time PCR analysis
Cells were disrupted with glass beads in TRIzol Reagent (Life Technologies Japan, Tokyo, Japan) and, after chloroform extraction, total RNA was extracted from the aqueous phase using RNeasy Mini kit (Qiagen, Valencia, CA, USA). After quantification of total RNA amount using QuantiFluor RNA System (Promega, Madison, WI, USA), reverse transcription and quantitative real-time PCR was done using QuantiTect Reverse Transcription Kit (Qiagen, Valencia, CA, USA) and SYBR Select Master Mix (Life Technologies Japan, Tokyo, Japan) with ABI 7500 Real-Time PCR System (Life Technologies Japan, Tokyo, Japan). A gene (JGI ver. 5.3.1 Locus name g6364) encoding cytosolic 40S small ribosomal subunit RACK1 (Manuell et al., 2005) , also known as Chlamydomonas G protein ß-subunit-like polypeptide (CBLP) or G protein subunit-like protein (GBLP), of which the mRNA levels are invariant under various physiological conditions (Schloss 1990 , Im et al. 1996 , was used as the endogenous control, although it is impossible to exclude the possibility that the inhibitors used in this study might cause a minor effect on the expression level of the GBLP transcript. 
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